The proposed influence of objects that are visible to both eyes on the perceived direction of an object that is seen by only one eye is known as the ''capture of binocular visual direction". The purpose of this study was to evaluate whether stereoscopic depth perception is necessary for the ''capture of binocular visual direction" to occur. In one pair of experiments, perceived alignment between two nearby monocular lines changed systematically with the magnitude and direction of horizontal but not vertical disparity. In four of the five observers, the effect of horizontal disparity on perceived alignment depended on which eye viewed the monocular lines. In additional experiments, the perceived alignment between the monocular lines changed systematically with the magnitude and direction of both horizontal and vertical disparities when the monocular line separation was increased from 1.1°to 3.3°. These results indicate that binocular capture depends on the perceived depth that results from horizontal retinal image disparity as well as allelotropia, or the averaging of local-sign information. Our data suggest that, during averaging, different weights are afforded to the local-sign information in the two eyes, depending on whether the separation between binocularly viewed targets is horizontal or vertical.
Introduction
According to the Wells-Hering laws of visual direction, the subjective visual direction of an object is estimated from the location of the object's retinal image with respect to the fovea (local sign) and the positions of the eyes in space (Howard, 1982; Ono, 1979 Ono, , 1981 Ono & Mapp 1995) . According to these laws, we perceive the directions of objects with respect to ourselves as if from a hypothetical Cyclopean eye, located between the two eyes. A binocular object that stimulates nearby (but non-corresponding) retinal points is perceived as fused and single, with a perceived direction that is approximately midway between those of the two monocular images (Howard, 1982; Ono, 1991; Ono & Mapp, 1995; Sheedy & Fry, 1979) . Based on this, we can conclude that the local-sign information from each eye undergoes averaging (or allelotropia) before being combined with information about eye position at the hypothetical Cyclopean eye. On the other hand, the local-sign information of a monocularly seen object should not undergo averaging (as no comparable image exists in the other eye) before being combined with information about eye position. The Wells-Hering laws predict that monocular targets imaged at corresponding retinal locations in the two eyes or at the same retinal location in one eye always should be perceived in the same direction (Ono, 1991; Ono, Mapp, & Mizushina, 2007) . However, several recent studies showed that the Wells-Hering laws of visual direction for a monocularly seen object are violated when the object is surrounded by a binocularly fused target (Domini & Braunstein, 2001; Erkelens & van Ee,1997a , 1997b Shimono, Ono, Saida, & Mapp, 1998; Shimono, Tam, Asakura, & Ohmi, 2005; Shimono, Tam, & Ono, 2007; Shimono & Wade, 2002) .
As an alternative to the Wells-Hering laws, van Ee (1997a, 1997b) proposed that the visual system assigns the directions of monocular objects with respect to surrounding binocular objects. As evidence for this conclusion, van Ee (1997a, 1997b) reported that the perceived direction of a monocularly seen line remains unchanged when the retinal locations of the monocular half-images of a surrounding binocular random-dot stereogram (RDS) change together with the location of the line in time. The fused binocular image of the RDS is perceived to remain stationary, with no perception of motion in depth (also see Erkelens & Collewijn, 1985a , 1985b . Erkelens and van Ee called this phenomenon the ''capture of binocular visual direction" or ''binocular capture" because the visual direction of the monocular object is linked to the binocular visual direction of the surrounding binocular object. Shimono and Wade (2002) described a stimulus condition in which they asked observers to align two monocular lines, both of which were presented to the same eye, when these lines were 0042-6989/$ -see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2008.10.009 embedded in different depth planes of binocularly fused RDS. For disparities of the RDS up to approximately ±5 min arc, perceived alignment occurred when the monocular lines were misaligned physically by half the binocular disparity of the RDS. Shimono and colleagues (Shimono & Wade, 2002; Shimono et al., 1998 Shimono et al., , 2005 Shimono et al., , 2007 suggested that the visual system transforms the local-sign information of the monocularly seen lines as a result of their close proximity to the binocular elements of the RDS. This suggestion is similar to the reasoning advanced by van Ee (1997a, 1997b) to account for the ''capture of binocular visual direction". Although both sets of studies adopted similar reasoning to explain their results, there are several differences. First, the monocular lines used by Shimono et al. were embedded in different depth planes of a RDS that contained relative disparity, whereas the monocular line used by Erkelens & van Ee (1997a , 1997b was embedded in a RDS that varied in absolute disparity, but failed to produce a perception of relative depth or motion in depth. Shimono and Wade (2002) suggested that the absence of relative motion information in the monocular stimuli presented by van Ee (1997a, 1997b) might have contributed to the perceived stability of the monocular line. Secondly, the magnitude of ''binocular capture" in Erkelens et al. was 1°, whereas the magnitude was a few minutes of arc in Shimono et al. Even though both studies appear to address similar perceptual phenomenon, these differences raises the question if both sets of observations reflect the same or different visual processes.
We conducted the experiments described here to see if perceived stereoscopic depth is required to produce the illusory alignment between monocularly seen lines shown in RDSs with relative disparity. To do so, we measured the magnitude of physical misalignment that gave rise to the perception that a pair of monocular lines is aligned, for different amounts of relative horizontal and vertical disparity in the RDS. Although allelotropia occurs for stimuli with both horizontal and vertical disparities (Sheedy & Fry, 1979) , perceived depth requires the presence of horizontal retinal disparity. The results of our experiments 1a and 2a show that when the monocularly seen lines are separated by approximately 1°perceived alignment co-varies with the horizontal but not vertical disparity of the RDS. This is evidence for the phenomenon of binocular capture because the visual direction of the monocular lines depends on the horizontal disparity of the surrounding RDS.
In experiments 1b and 2b, we also assessed the effect of varying the separation between two monocular lines on their perceived relative direction, when the lines were superimposed on RDSs with either horizontal or vertical disparity. Because the precision of monocular alignment worsens systematically with the separation between Vernier targets (e.g., Beck & Halloran, 1985; Levi, 1993a, 1993b) , we speculated that increasing the separation between monocular lines would decrease the reliance on monocular (Vernier) information about alignment, compared to the relative directions of the monocular lines with respect to the surrounding binocular stimuli, thereby allowing for an increase in the magnitude of capture. In addition to greater binocular capture with horizontal disparity of the RDS as the monocular line separation increased, the observers also showed clear binocular capture with vertical disparity of the RDS when the separation between the monocular lines was 3.3°.
An unanticipated outcome of our experiments was that the magnitude of binocular capture in the presence of horizontal disparity differs significantly between the two eyes of many observers. We therefore explored whether the unequal magnitude of binocular capture for targets that are presented to the left and right eyes might reflect a differential weighting of the visual-direction information from the two eyes (Banks, van Ee, & Backus, 1997; Ding & Sperling, 2006) .
Methods

Experiments 1 and 2
Stimuli were random-dot stereograms (RDSs) generated using Matlab 5.2 with the Psychophysics toolbox (Brainard, 1997; Pelli, 1997) and displayed on a 14-in. (1024 Â 768 pixels) gamma-corrected Macintosh computer monitor. At the 50-cm viewing distance, one screen pixel subtended 1.88 Â 1.88 min arc. Contrast between the black and white pixels was 50%. The horizontal center-to-center separation between the images presented to the two eyes was 4.88 cm, corresponding to 5.57°. In experiments 1 and 2, each stereogram consisted of two rectangular areas (2 Â 1 or 1°Â 2°), separated horizontally or vertically by 37.6 min arc (see Fig. 1a and b) . Small incomplete crosses placed between the two rectangles were used to constrain fixation and to provide a subjective monitor of fixation disparity. The upper rectangle in the stimuli with horizontal disparity and the lefthand rectangle in the stimuli with vertical disparity had the same disparity as the central fixation cross. The lower rectangle was presented with horizontal disparities of ±3.76, ±5.64, ±7.52, ±15.04, ±22.56 and ±30 min arc or the right-hand rectangle was presented with vertical disparities of ±3.76, ±7.52, ±11.28, and ±15.04 min arc.
Orthogonal polarizing filters were used to separate the left-eye and the right-eye views of the stimulus, such that the left eye saw the left-hand pair of rectangles and the right eye saw the righthand pair of rectangles for observers who uncross fused, and vice versa for observers who cross fused. Each observer chose between viewing the stimuli with crossed or uncrossed fusion and maintained the same direction of fusion throughout the experiments. The mean luminance of the monitor through the left polarizing filter was 3.2 cd/m 2 and through the right polarizing filter was In experiments 1a and 2a, the edge-to-edge separation between the reference and test lines was 1.1 degrees. Both of the lines and the RDS were presented simultaneously for an unlimited viewing time.
In experiment 1b, perceived alignment was assessed for monocular lines embedded in 2°Â 4°rectangular RDSs, presented with a range of horizontal disparities. The monocular lines had vertical edge-to-edge separations of 0.8°, 1.9°or 3.3°. In experiment 2b, the horizontal edge-to-edge separation between the monocular test and the reference lines was either 1.1°or 3.3°for RDSs with various vertical binocular disparities. Monocular lines with these two horizontal edge-to-edge separations were presented within RDSs that subtended either 1°Â 2°or 2°Â 4°.
Experiment 3: Estimating the location of the Cyclopean eye
The location of the hypothetical Cyclopean eye was estimated using a modified version of a task described by Howard and Templeton (1966) , which required each observer to align two binocular stimuli so that a line passing through their centers appeared to point directly at the observer. In our experiment, a pair of 1°Â 1°R DSs was presented in temporal succession. Before beginning each set of trials, the observer fused the components of a fixation cross that were shown to right and left eyes with no surrounding RDS. Any reported horizontal fixation disparity was neutralized using prisms until the observer reported seeing the vertical arms of the cross as perfectly aligned. After the fixation disparity was neutralized, the observer initiated each trial with a key press. The initial RDS was presented for a duration of 1500 ms, during which the observer fused the stereogram. A blank screen was presented for 500 ms after the presentation of the initial RDS. Subsequently, a RDS with 2°of crossed absolute disparity was presented at one of seven randomly chosen horizontal locations with respect to the center of the screen. These locations were produced by varying the monocular components of the 2°horizontal image disparity that were presented to each eye. The observer first reported if the second RDS appeared to move in depth with respect to the first RDS. If so, the observer indicated if the direction of the second RDS's lateral motion was to their right or left, using the right and the left arrow keys on the computer keyboard. Each observer completed four blocks of 70 trials. The average point of subjective equality was used to calculate the location of each observer's hypothetical Cyclopean eye trigonometrically.
Observers
Five observers (2 authors and 3 naïve observers) participated in experiments 1a, 2a and 3. Four of these observers participated in experiment 1b and three in experiment 2b. All observers had normal or corrected-to-normal acuity and binocular vision. Preliminary procedures and tests included: (1) determination of binocular refractive errors at distance and near, (2) unilateral and alternate cover test to exclude potential observers with heterotropia or with a distance or near heterophoria outside of Morgan's normal ranges (Scheiman & Wick, 2002) , and (3) vectographic testing at 6 m and the Randot test at 40 cm to ensure that each observer's stereothreshold was 61 min arc at distance and 640 arc seconds at near. Observers A.V. and S.K. fused the RDSs using crossed fusion and observers A.G., S.H. and H.B. fused the RDSs using uncrossed fusion. Observer H.B. used 4 D base-out prism to assist in uncrossed fusion.
Procedure and data analyses
Initially, the observer fused the half-images of the fixation cross presented to each eye. After fusion was achieved, the observer was instructed to maintain fixation on the fixation cross and to initiate each trial by pressing a key on the computer keyboard. Five hundred milliseconds after the observer initiated a trial, a RDS containing the reference and test lines was presented for an unlimited viewing time. Perceived alignment between the two lines was assessed using the method of constant stimuli. Specifically, on each trial the test line was presented at one of seven horizontal or vertical locations with respect to the reference line (aligned, left, or right for horizontal disparity; aligned, up, or down for vertical disparity), selected at random. The observer's task was to report the location of the test line with respect to the reference line, by pressing the right or left arrow keys for stimuli with horizontal disparity and the up or the down arrow keys for stimuli with vertical dispar- ity. A total of 140 trials comprised one block. For each condition tested, data were collected and averaged over at least two blocks of trials.
For each disparity of the lower or right-hand RDS, a cumulative Gaussian function was fit to the data from each block of trials. Data sets that generated psychometric fits with similar slopes were combined for each condition. The PSE specifies the amount of physical misalignment that gives rise to perceived alignment between the reference and test lines, and was estimated by fitting a cumulative Gaussian function to the combined data. Horizontal crossed and uncrossed disparities were given positive and negative values, respectively. For RDSs with horizontal disparity, positive and negative PSEs mean that the observer perceived the test and the reference lines to be aligned when the test line was physically to the right or left, respectively, of the reference line. If binocular capture occurs when the monocular lines are presented to the right eye, then the PSE should be positive for uncrossed disparities and negative for crossed disparities of the RDS. If capture occurs when the lines are presented to the left eye, then the PSE should be negative for uncrossed disparities and positive for crossed disparities. For RDSs with vertical disparity, right hyper-and hypo-disparities were assigned positive and negative values, respectively, and positive and negative PSEs signify that the observer perceived the test and the reference lines to be aligned when the test line was physically below or above the reference line, respectively. Consequently, if binocular capture occurs when the monocular lines are presented to the right eye, the PSE should be negative for right hyper-and positive for right hypo-disparities, respectively. If capture occurs when the lines are presented to the left eye, the PSE should be positive for right hyper-and negative for right hypo-disparities.
For statistical analysis, we used one-, two-, or three-way repeated-measures ANOVAs. If the epsilon value of the Huynh-Feldt (H-F) correction for the violation of sphericity was less than 1, then the p-value associated with the H-F correction was used. If the H-F epsilon value was P1, then the p-values associated with the Greenhouse-Geisser correction were used.
Results
Experiment 1a: Perceived relative directions of narrowly separated monocular lines covary with relative horizontal disparity of the RDSs
In Fig. 2 , the PSE varies systematically with the disparity of the lower rectangle in all of the observers. That is, the observers perceived the reference and test lines to be aligned when they were physically misaligned, indicating the presence of ''binocular capture". The total magnitude of binocular capture was estimated by adding the maximum and minimum PSE over ±15 min of arc of RDS disparity. In addition, Fig. 2 includes regression lines that were fit to the PSEs for disparities of the RDS between ±15 min arc. We restrict our estimates of binocular capture to disparities of the RDS between ±15 min arc because some of the observers reported an inability to keep the RDS fused through out the entire block of trials for larger disparities. This inability to maintain fusion was described as a change in the shape of the RDS or as a collapse of perceived depth.
The total magnitude of binocular capture and the slope of the fitted binocular-capture function vary substantially between observers and, typically, between the two eyes of the same observer. Specifically, four of the five observers (A.G., A.V., H.B. and S.H.) show a marked between-eye asymmetry in the total magnitude of binocular capture and the slope of the fitted regression line. In these four observers, binocular capture is greater in the left than the right eye. Only observer S.K. shows similar (unsigned) slopes between the two eyes. Averaged across all five observers, the total magnitude of binocular capture is 4.0 ± 0.6 min arc in the right eye and 8.0 ± 0.9 min arc in the left eye. The slopes fitted to the PSEs of the individual observers vary between À0.08 ± 0.02 and À0.21 ± 0.03 in the right eyes and between +0.21 ± 0.05 and +0.38 ± 0.02 in the left eyes, with correlation coefficients between 0.69 and 0.94 in the right eyes and between 0.82 and 0.99 in the left eyes. The slopes of the fitted functions are uniformly less than the value of 0.50, which is predicted by complete binocular capture (Shimono & Wade, 2002; Shimono et al., 1998 Shimono et al., , 2005 .
A two-way repeated-measures ANOVA (5 disparities Â 2 eyes Â 5 observers) on the PSEs for RDS disparities within ±15 min arc showed significant effects of horizontal disparity (F df=4,16 = 46.14, p = .0001), eye (F df=1,4 = 9.39, p = .038), and for the interaction between eye and disparity (F df=4,16 = 8.27, p = .007). For this analysis, the signs of the PSEs obtained when the lines were presented to the observers' right eyes were reversed, so that the PSEs increased with disparity in both eyes. The significant disparity-by-eye interaction indicates that the slope of the binocularcapture function depends on which eye sees the two monocular lines.
Experiment 1b: Perceived relative directions of monocular lines depend on their separation within horizontally disparate RDSs
As shown in Fig. 3 , the change in PSE with horizontal RDS disparity varies systematically with the vertical separation between monocular lines for the four observers tested in this experiment. Specifically, the slope of the lines fitted to each observer's PSEs increases between the smallest line separation of 0.8°and the largest separation of 3.3° (Table 1) . One-way repeated-measures ANOVAs on the fitted slopes indicated that the effect of line separation was significant both for lines presented to the right (F df=2,6 = 19.94, p = .006) and the left eyes (F df=2,6 = 22.69, p = .005). Subsequent means comparisons indicated that, when the monocular lines were presented to the right eye, the slopes of the binocular-capture functions differed significantly for line separations of 0.8°and 3.3°(F df=1,6 = 7.49, p = .044). When the lines were presented to the left eye, the fitted slopes differed significantly for line separations of 0.8°and 1.9°(F df=1,6 = 16.96, p = .01) and 0.8°and 3.3°(F df=1,6 = 22.17, p = .006). Averaged across the four observers, the total magnitude of capture ranged from 1.6 ± 0.5 min arc in the right eye and 5.5 ± 0.6 min arc in the left eye when the line separation was 0.8°to 4.5 ± 0.1 min arc in the right eye and 10.2 ± 0.7 min arc in the left eye when the line separation was 3.3°.
We estimated the observers' Vernier thresholds for each separation of the monocular lines by averaging the slopes of the psychometric functions for each line separation for RDS disparities between ±15 min of arc. First, we confirmed that the slopes of the psychometric function did not vary systematically with the horizontal disparity of the RDS. One-way repeated-measures ANOVAs were then performed separately on the data for each eye, and showed that the effect of line separation on Vernier threshold was statistically significant for lines presented in both the right (F df=2,6 = 18.11, p = .015) and left eyes (F df=2,6 = 31.72, p = .004). Fig. 4 compares the change in Vernier threshold to the magnitude of binocular capture, for three separations between the monocular lines. Even though the magnitude of binocular capture increases with the estimated Vernier thresholds in each eye, these relationships do not reach statistical significance, most likely because of the small number of line separations that we tested.
Experiment 2a: Perceived relative direction for narrowly separated monocular lines is unaffected by relative vertical disparity
In contrast to the results found for horizontal disparity, Fig. 5 indicates that the PSE does not vary systematically when relative vertical disparity is introduced between the two right-hand RDSs. Across observers, the slopes of the best-fitting straight lines to the PSEs found for vertical RDS disparities between ±15 min vary between À0.01 and +0.03 for the right eyes and 0.01 and +0.02 for the left eyes. A two-way repeated-measures ANOVA (5 disparities Â 2 eyes Â 5 observers) on the PSEs showed that neither the main effects of disparity or eye, nor the interaction between disparity and eye are statistically significant. The results of Experiment 1b indicate that in the presence of horizontal disparity of the RDS, the edge-to-edge separation of the monocular lines determines the magnitude of binocular capture. Therefore, we investigated the effects of monocular line separation and RDS size on binocular capture for RDSs with relative vertical disparities. As shown in the left panels of Fig. 6 , the PSE varies systematically with vertical disparity when the angular size of the RDS is increased to 2°Â 4°and the edge-to-edge line separation is increased to 3.3°. Slopes were determined by fitting the PSEs for disparities within ±15 min arc with a linear function. For the three observers tested in this experiment, the average slope for lines presented to the right eye was À0.11 ± 0.03 and for lines presented to the left eye was 0.12 ± 0.04 (Table 2) . A two-way repeated-measures ANOVA (9 disparities Â 2 eyes Â 3 observers) performed on the PSEs showed a significant main effect of disparity (F df=8,16 = 9.35, p = .05), but no effect of eye (F df=1,2 = 9.39, p = .09) and no significant eye-by-disparity interaction (F df=8,16 = 2.87, p = .19).
Clearly, these data differ from those shown in Fig. 5 , which indicate an absence of binocular capture in the presence of relative vertical RDS disparity. To clarify whether the relevant variable is the size of the RDS or the monocular line separation, PSEs were determined also for two additional conditions: (1) RDSs that consisted of 2°Â 4°rectangles with 1.1°edge-to-edge monocular line separation and (2) RDSs that consisted of 1°Â 2°rectangles with 3.3°e dge-to-edge monocular line separation. As shown in the right panels of Fig. 6 , the measured PSEs are unrelated to the vertical disparity of the RDS when the size of each RD rectangle is 2°Â 4°and the separation between the monocular lines is 1.1°. On the other hand, the PSEs change systematically with vertical disparity for 1°Â 2°RDSs when the separation between the monocular lines is 3.3°. Indeed, the slopes of the lines that are fit to the PSEs in this condition are similar to those obtained when the RDS rectangles are 2°Â 4°and the monocular lines are separated by 3.3°. A three-way repeated-measures ANOVA (9 disparities Â 2 separations Â 2 RDS sizes) on the PSEs from the left eye showed a significant main effect of disparity (F df=8,16 = 14.55 p = .04), but no effect of line separation (p = .14) or RDS size (p = .18). The interaction between disparity and line separation approached statistical significance (F df=8,16 = 5.12 p = .06). These data indicate that vertical as well as horizontal retinal image disparity can produce robust binocular capture, but only for monocular lines with a sufficient horizontal separation. Even when the gap between the monocular lines is 3.3°, the magnitude of binocular capture that occurs with vertical disparity is smaller than that measured with horizontal retinal image disparity. Across the three observers who participated in both experiments, the average capture magnitude with horizontal disparity of the RDS is 10.72 ± 0.15 for the right eye and 17.38 ± 0.29 for the left eye. For RDSs with vertical disparity, the average capture magnitude is 4.08 ± 0.10 for the right eye and 4.18 ± 0.12 for the left eye. Previously, van Ee, Banks, and Backus (1999) reported capture-like effects for stimuli with both horizontal and vertical retinal image disparities, with less departure from Wells-Hering laws of direction when the binocularly seen targets have vertical compared to horizontal disparity. The observers' responses also were more consistent with the Wells-Hering laws of direction for large compared to small gaps between the monocular targets.
Experiment 3: Asymmetry of binocular capture and the weighting of monocular directions
The estimated Cyclopean-eye positions for the five observers are as follows: SH, 0.10 cm to the right; AG, 0.51 cm to the right; HEB, 0.34 cm to the right; AV, 0.26 cm to the right; and SK, 0.24 cm to the left. Fig. 7 a illustrates the relationship between the estimated Cyclopean-eye position and the between-eye difference in the absolute slope values of binocular-capture functions for a line separation of 1.1°, from experiment 1a. The lateral deviation of the Cyclopean eye from midway between the two eyes is considered to be a metaphor for an unequal weighting of the information about each eye's position in the determination of perceived headcentric direction (Ono, 1991; Swanston, Wade, & Ono, 1990 ). If we assume that the position of the Cyclopean eye also reflects the weighting afforded to each eye's local-sign information, then the data from this experiment can be used to address the unequal magnitude of binocular capture between the two eyes. For example, a rightward shift of the Cyclopean eye from the midline would indicate that local-sign information from the right eye receives more weight in the direction-averaging process than that from the left eye. We therefore would expect to see a greater magnitude of binocular capture when the monocular lines are presented to the left eye. Although the relationship between the estimated position of the Cyclopean eye and the between-eye difference in capture is in the predicted direction, the correlation coefficient of 0.7 does not reach statistical significance for a sample size of 5 observers. (t df=3 = 1.66; p = .19, two-tailed). However, the slope of the best-fitting line in Fig. 7 a is 0.23, which is approximately two-thirds of the theoretically expected slope of 0.33.
1 This discrepancy between the observed and expected slope of the fitted line in Fig. 7a may be a consequence of the incomplete binocular capture that is exhibited by the observers in our experiment.
General discussion
The Wells-Hering laws of visual direction predict that the slope of the binocular-capture vs. binocular-disparity function should be zero and complete binocular capture predicts that the slope should have an average absolute value of 0.50. Shimono et al. (2005) reported that the slope of their binocular-capture functions increased from 0.06 to 0.23 as they increased the dot density of the RDS, and from 0.18 and 0.41 as they decreased the width of the RDS. In our experiment 1a, the slope of the binocular-capture vs. horizontal-disparity function varied between À0.08 ± 0.02 and À0.21 ± 0.03 for targets presented to the right eyes of our observers, and between 0.21 ± 0.05 and 0.38 ± 0.02 for targets presented to their left eyes. Taken together, the results of Shimono and colleagues, (Shimono & Wade, 2002; Shimono et al., 2005) and our study indicate that several factors, including the RDS size, dot density and the separation between the monocular lines, contribute to the total magnitude of binocular capture and to the slope of the binocular capture vs. horizontal-disparity function. Nevertheless, for most of the conditions and observers tested, the calculated slopes fall between 0 and 0.5, in between the predictions based on the Wells-Hering laws and complete binocular capture.
We speculate that the incomplete and variable magnitude of binocular capture reflects the operation of two competing sources of direction information that are available in binocularly viewed images. On one hand, the position of each monocular line can be judged with respect to the surrounding random dots and the edges of the RDS which, when combined with a disparate half-image of the RDS seen by the other eye, are proposed to ''capture" or shift the perceived direction of the line in the direction of the fused image. On the other hand, the directions of the two monocular lines in one eye's half-image can be judged with respect each other. This judgment represents a Vernier task, which can be made with great precision when the stimulus conditions are optimal (Beck & Halloran, 1985; Berry, 1948; Waugh & Levi, 1993a , 1993b , 1993c , and provides information about the alignment of the monocular lines that is consistent with the Wells-Hering laws of visual direction. Our interpretation of the binocular-capture functions with slopes between 0 and 0.5 is that they reflect a compromise between these two competing sources of direction information. We therefore would expect the slope of the binocular capture function to depend on parameters of the stimulus that influence the outcome of this compromise, such as the relative precision of the direction information from the surrounding binocular random dots vs. the two monocular lines (Alais & Burr, 2004; Battaglia, Jacobs, & Aslin, 2003) . The results cited above from Shimono et al. (2005) , that binocular capture increases with an increase of the random-dot density and a decrease in the width of the RDS, are consistent with this interpretation. The results of our experiment 1b agree also with the interpretation that the measured magnitude of binocular capture reflects a compromise between competing sources of information about relative direction. Specifically, the magnitude of binocular capture increases as the precision of Vernier alignment worsens, which was achieved in our study by increasing the separation between the two monocular lines (Fig. 4 ; see also Beck & Halloran, 1985; Berry, 1948; McKee & Levi, 1987 Levi & Waugh, 1996; Wang & Levi, 1993c , 1994 suggested that two separate cortical mechanisms mediate visual position acuity, depending in part on the spatial separation between the targets. Specifically, they proposed that oriented spatial filters, the responses of which depend critically on stimulus visibility, provide information about the relative position of narrowly spaced targets with the same contrast polarity. For more widely spaced targets, relative-position information was proposed to derive from a comparison of the averaged local signs, the precision of which is much less dependent on the characteristics of the individual targets but falls off systematically with increasing angular separation (Levi, Klein, & Yap, 1988) . Consequently, an alternative interpretation of our results is that binocular capture may be restricted primarily to monocular targets with separations that are consistent with the operation of the local-sign mechanism. Data reported recently by Raghunandan, Coleman, and Saladin (in press ) are consistent with this possibility, as they found the target separation that resulted in significant binocular capture scaled according to the spatial frequency of the monocular stimulus ribbons that were superimposed on a random-dot depth edge. Shimono et al. (2005) evaluated the influence of relative disparity on perceived depth and binocular capture for several spatial configurations of a RDS display. Based on a correlation analysis, they concluded that the magnitude of perceived depth and binocular capture both depend on retinal image disparity, and that no direct relationship exists between the magnitude of binocular capture and perceived depth. Some aspects of our results are at odds with this conclusion. For example, for a pair of monocular lines that is separated by 1.1°no binocular capture occurs in the presence of vertical retinal image disparities, which produce no perception of relative depth. Although both directions of retinal image disparity produce binocular capture when the separation between the monocular lines increases to 3.3°, a smaller magnitude of capture results from vertical compared to horizontal image disparity (compare Figs. 3 and 6 ; also see van Ee et al., 1999) . Further, two of our observers performed an additional experiment to evaluate if the magnitude of the binocular capture that occurs with horizontal retinal image disparity varies with the perceived depth of the RDS. Using the stimulus configuration in experiment 1a, we increased the distance of the observers from the computer display from 50 to 100 cm while main- In each of the three panels, the top two rows show the stimulus as presented physically on the monitor. The bottom two rows show an observer's perception of the stimulus, on fusing the RDSs. Assuming uncrossed fusion, an observer with normal binocular vision should perceive the bottom rectangle as nearer than the top rectangle. Also represented in the bottom two rows is the perceived misalignment between the monocular lines. Measured PSEs should be equal and opposite to the magnitude of perceived misalignment. If the monocular lines are presented to the left eye, the shift of the PSE should be greater when the right eye's local-sign information is weighted more (middle) and less when the left eye's local-sign information is weighted more (right). A decrease in the weighting of direction information from one eye is represented by the RDS with lower contrast.
taining the same angular subtense of the individual random dots, the RDSs, and the monocular line stimuli. The angular separation between the monocular lines was 1.1°and the upper and lower rectangles of the RDS were presented with horizontal retinal image disparities between ±15 min arc. In agreement with previous reports that a fixed relative horizontal disparity yields an increasing perception of depth at greater viewing distances (e.g., Collett, Schwartz, & Sobel, 1991; Glennerster, Rogers, & Bradshaw, 1996; Ono & Comerford, 1977) , both observers reported greater separation in depth between the upper and lower rectangles of the RDS target when viewing from 100 compared to 50 cm.
2 Of relevance to the current discussion, increasing the viewing distance from 50 to 100 cm also produced steeper slopes of the binocular-capture function, from an average of 0.21 to 0.44 when the monocular lines were presented to the left eye and from À0.11 to À0.26 when the monocular lines were presented to the right eye. Based on these results, we conclude that the perceived separation in depth between monocular targets is an important contributor to the magnitude of binocular capture, possibly because a perceived separation in depth reduces the strength of the monocular Vernier alignment cue (Gogel, 1972.) . van Ee(1997a, 1997b) reported that a large binocular RDS and an included monocular line both can appear to remain stationary during incomplete vergence tracking of the RDS at 0.75 Hz. The stationary appearance of the monocular line is attributed to the ''capture" of its visual direction by the surrounding fused binocular image of the RDS. Because observers did not perceive the RDS to move in depth, binocular capture in this stimulus configuration was ascribed to the averaging of visual directions in the two half-images. To assess binocular capture in the absence of perceived depth, we measured the perceived alignment between monocular lines embedded in RDSs with vertical retinal image disparity. Although no binocular capture occurred when the separation between the monocular lines was 1.1°, a significant amount of capture was obtained when the line separation increased to 3.3°. These results confirm that binocular capture of visual direction can occur for monocular targets on a stationary RDS in the absence of perceived depth.
When monocular lines are presented on RDSs with horizontal retinal image disparity, our experiments reveal a consistent between-eye asymmetry in the total magnitude of capture and in the slope of the binocular-capture function. All of the observers except one showed greater binocular capture when the monocular lines were presented to the left eye. Because we found similar asymmetries for observers who viewed the RDSs using crossed and uncrossed fusion, the between-eye asymmetries cannot be attributed to a stimulus artifact. These findings are not unprecedented (c.f., Erkelens, Muijs, & van Ee, 1996; Erkelens and van Ee, 1997b; van Ee et al., 1999) . For example, three of the observers in the study by Erkelens and van Ee (1997b) exhibited asymmetries in the extent of perceived motion of a monocular line, depending on which eye viewed the line. The authors attributed these asymmetries to an unequal weighting of the direction information from the two eyes in the binocular averaging process. Mansfield & Legge (1996) found that the perceived direction of a fused binocular target depends on the relative image contrast in the two eyes. They interpreted their results as evidence for a stimulation-dependent lateral shift in the position of the hypothetical Cyclopean eye from physically midway between the two eyes. However, a shift of the Cyclopean eye is essentially a metaphor for a differential weighting of the eye-position information for each eye (Ono, 1991; Swanston, Wade & Ono, 1990) . In line with the explanation for binocular capture that was offered by Erkelens and van Ee, 1997a , 1997b , Banks et al. (1997 also Ding & Sperling, 2006) explained Mansfield and Legge's data subsequently in terms of an unequal weighting of monocular local-sign information. Under the assumption that similar unequal weighting is applied to eye-position information and to monocular-direction information in individual observers, we assessed the relative weighting of our observers' eye-position information by estimating the location of their Cyclopean eye and then compared these data to each observer's between-eye difference in the magnitude of binocular capture. Fig. 7b illustrates the hypothesized effect of an unequal weighting of each eye's local-sign information on the PSE for monocularly viewed lines, when the lines are presented in different regions of the RDS and viewed by the left eye. As shown in the figure, the magnitude of binocular capture should be greater for lines that are imaged in the left eye if the local-sign information from the right eye is weighted more, presumably in association with a rightward shift of the hypothetical Cyclopean eye. In agreement with the assumption of similar weighting, the calculated location of the Cyclopean eye and the between-eye difference in the slopes of the binocular-capture functions are correlated. We speculate that the relatively small number of subjects and the variability in defining between-eye differences in the slope of the binocular-capture functions contribute to the relative weakness of the obtained correlation coefficient. Additional studies using a larger number of observers under conditions that favor the ''capture of direction" by binocular targets with horizontal retinal image disparity would help to evaluate the robustness of this relationship.
No between-eye asymmetry exists in the magnitude of binocular capture for the three observers who were tested in experiment 2b, using a RDS with vertical retinal image disparity. These results suggest that an unequal weighting of each eye's localsign information, as proposed to occur in the binocular combination of disparate images, occurs only if the disparity between images is horizontal or if the resulting binocular image produces a perception of depth. As noted above, some of the observers in the study by Erkelens and van Ee (1997b) exhibited between-eye asymmetries in the magnitude of binocular capture, even though the authors varied absolute rather than relative horizontal image disparity and the observers reported no accompanying changes in perceived depth. 3 This outcome suggests that the visual system uses different weighting factors to combine local-sign information from the two eyes, depending on whether the separation between the monocular images is horizontal or vertical. A simplistic explanation for different horizontal and vertical weighting factors is that the hypothetical Cyclopean eye is assumed capable of shifting primarily along the horizontal axis between the right and left eyes. However, if a shift of the Cyclopean eye represents unequal weighting of the eye-position signals from the two eyes, then it is not clear why different 2 At both 50 and 100 cm viewing distances, the two monocular images of the RDS were separated horizontally on the computer monitor by 4.88 cm. For an observer with an interpupillary distance of 6 cm to maintain uncrossed fusion, the vergence demand decreased from 1.28°at a viewing distance of 50 cm to 0.64°at a distance of 100 cm. For the same observer to cross fuse the targets, the required vergence angle decreased from 10.36°at 50 to 6.24°at 100 cm. Although we did not measure the perceived distances of the RDSs or the computer monitor in this or the previous experiments, we assume the perceived distance of the monitor was close to veridical, based on the numerous distance cues available in the dimly lit laboratory room. Despite the presence of absolute disparity information from the observers' vergence posture and relative disparity between the RDSs and the edges of the computer monitor, both observers reported that the RDSs appeared to lie approximately in the plane of the computer monitor at both viewing distances.
weights should be applied for the combination of horizontal and vertical eye positions. If the suggestion of different horizontal and vertical weighting of local-sign information is correct, it would be interesting to know whether different weighting is used also to combine the information about the horizontal vs. vertical position of the two eyes.
Conclusions
Our experiments indicate that the binocular capture of visual direction depends on the perception of stereoscopic depth as well as direction averaging, or allelotropia. Binocular capture increases with larger separation between monocular targets in the visual field, possibly because target separation reduces the strength of conflicting relative-alignment (e.g., Vernier) cues within the monocular images. Our results also indicate that the binocular capture associated with horizontal retinal image disparity can occur asymmetrically for targets in the left and right eyes, possibly because unequal weights are assigned to the horizontal local-sign information from each eye.
